Purpose Molecular targeting of cellular signaling pathways is a promising approach in cancer therapy, but often fails to achieve sustained benefit because of the activation of collateral cancer cell survival and proliferation pathways. We tested the hypothesis that a combination of targeted agents that inhibit compensatory pathways would be more effective than single agents in controlling pancreatic cancer cell growth. We investigated whether everolimus, an mTOR inhibitor, and sorafenib, a multi-kinase inhibitor, would together inhibit growth of low-passage, patientderived pancreatic cancer xenografts in mice more efficaciously than either agent alone. Methods Tumor volume progression was measured following treatment with both drugs as single agents, in combination, and at multiple doses. Pharmacokinetics in tumors and other tissues was also assessed. Pharmacodynamic interactions were evaluated quantitatively. Results A 5-week regimen of daily oral doses of 10 mg/kg sorafenib and 0.5 mg/kg everolimus, alone and in combination, did not achieve significant tumor growth inhibition. Higher doses (20 mg/kg of sorafenib and 1 mg/kg of everolimus) inhibited tumor growth significantly when given alone and caused complete inhibition of growth when given in combination. Tumor volume progression was described by a linear growth model, and drug effects were described by Hill-type inhibition. Using population modeling approaches, dual-interaction parameter estimates indicated a highly synergistic pharmacodynamic interaction between the two drugs. Conclusions The results indicate that combinations of mTOR and multi-kinase inhibitors may offer greater efficacy in pancreatic cancer than either drug alone. Drug effects upon tumor stromal elements may contribute to the enhanced anti-tumor efficacy.
Introduction
Pancreatic cancer is the fourth-leading cause of cancerrelated deaths in the United States [1] . The standard of care treatment includes chemotherapy with gemcitabine, which yields a median survival of 5.4 months in advanced disease. Addition to gemcitabine-based therapy of erlotinib, an inhibitor of the epidermal growth factor receptor (EGFR)-associated tyrosine kinase yields a slight improvement in pancreatic cancer survival [2] . Signal transduction pathways involved in tumor cell proliferation or angiogenesis often are mutated in solid tumors, and molecularly targeted agents that interdict these pathways represent a promising approach. Given the poor prognosis for advanced and gemcitabine-refractory disease in pancreatic cancer, there is an urgent clinical need for improved therapeutic strategies, and agents that target additional signaling pathways in cancer cells may hold promise.
Somatic mutations are common in pancreatic cancer, and 80 % of tumors have KRAS mutations that lead to the hyper-activation of the mitogen-activated protein kinase (MAPK) signaling pathway [3] . Sorafenib (Nexavar, BAY 43-9006) inhibits Raf, vascular endothelial growth factor receptors (VEGFR), and platelet-derived growth factor receptor-b (PDGF-b). By inhibition of these targets, sorafenib decreases tumor microvessel density and demonstrates in vitro and in vivo anti-proliferative activity against a variety of solid tumor models, including pancreatic cancer [4, 5] .
The PI3 k-Akt-mTOR pathway is another signaling pathway implicated in tumor progression and treatment resistance and is a target of interest. Inhibition of the mTOR pathway leads to cell cycle arrest by abrogation of proliferative signals and decreased VEGF expression [6, 7] . Everolimus is an mTOR inhibitor that has shown in vivo and in vitro activity in pancreatic cancer models [8, 9] .
To date, sorafenib and everolimus have failed to achieve significant clinical benefit as single agents in pancreatic cancer patients [10, 11] , but a combination of both agents has not been explored in the disease. The lack of efficacy of these agents individually may be due to the activation of compensatory pathways through cross talk between the MAPK and PI3 k-Akt-mTOR pathways [12] [13] [14] . However, reversal of sorafenib resistance by the use of an AKT inhibitor was reported in hepatocellular carcinoma cells [15] . Thus, our hypothesis is that simultaneous inhibition of collateral and compensatory signaling pathways will result in synergistic effects of sorafenib and everolimus, leading to improved efficacy in pancreatic cancer.
Low-passage, patient-derived primary pancreatic adenocarcinomas explants [16] were used to investigate the effects of everolimus and sorafenib alone and in combination. Drug effects on the intended signaling pathway targets were analyzed and used to identify biologically effective doses. We quantified pharmacokinetics, drug effects, and developed a semi-mechanistic population pharmacodynamic model to explore the nature of the PK/ PD interaction of the two drugs. Tumor biomarkers were also quantified in order to complement our pharmacodynamic investigation.
Materials and methods

Preparation of sorafenib and everolimus formulations
A microemulsion of 2 % w/v everolimus (RAD001; obtained from Pharmaceutical Development, Novartis Pharma AG, Basel, Switzerland) was diluted with pyrogenfree water to the required concentration. Sorafenib was prepared weekly by dissolving its p-toluenesulfonate salt (purchased from LC laboratories, Woburn, MA) in Cremophor EL and ethanol 1:1 (vol:vol) at a fourfold higher concentration than required for administration and stored at room temperature with protection from light. The solution was prepared 1 h before dosing by diluting the stock solution with water.
Patient-derived primary pancreatic cancer explant model
An explant model employing low-passage, patient-derived, histopathologically verified, pancreatic adenocarcinomas in SCID (severe combined immunodeficient) mice was used, as described earlier [16] . Tumors were initiated in CB-17 SCID mice (4-6 weeks age) by inserting 2 9 2 9 2 mm pieces of donor tumors subcutaneously adjacent to the abdominal wall. All procedures were carried out under a laminar flow hood using aseptic conditions and were approved by the Institutional Animal Care and Use Committees of the University at Buffalo and Roswell Park Cancer Institute.
Experimental design
Two different patient-derived pancreatic adenocarcinomas were selected for investigation and are designated Tumor1 (TP17862) and Tumor2 (TP17624) [16] . Three sets of experiments were performed (Supplemental Information, Table S1 ). For each experiment, animals were randomized into groups based upon tumor volume and treatment was initiated approximately 6-8 weeks after tumor implantation, when tumors reached a volume of 100-200 mm 3 . Both drugs were given in a volume of 10 mL/kg by oral gavage using a bead-tipped curved gavage needle under aseptic conditions. Animals were dosed for 5 weeks according to a regimen of 5 consecutive daily doses followed by two drug-free days. Tumors were measured along 3 axes every other day using vernier calipers, and the volume was calculated by the formula
where l is the length of the longest axis (mm), and w and h are perpendicular axes in the other two dimensions [17] . Body weights were measured every other day throughout the duration of the study.
Histology and biochemical analysis
Tumors were harvested at predetermined time points at the end of the treatment regimen. For PK analysis, tumors were homogenized with 0.75 mL methanol/water 50/50; for biomarker analysis by ELISA, tumors were homogenized in a lysis buffer (below). For histological analysis, tumors were fixed in paraformaldehyde for 24 h. The fixed tumors were then paraffin embedded, sectioned, and stained with hematoxylin and eosin (H and E). Images of tissue sections were acquired using a Zeiss Axiovert 200 M microscope (Carl Zeiss, Inc., Thornwood, NY) with a 209/0.75 Apochromat lens and digital color camera. Representative fields were selected for analysis.
ELISA analysis
Tumor samples were weighed and 50 lg of sample was washed with cold phosphate buffered saline (PBS) and then lysed in cell extraction buffer (Invitrogen, Camarillo, CA Cat. #FNN0011). ELISA kits (Invitrogen) were used to measure total ERK and phosphorylated ERK (pERK), and total AKT and phosphorylated AKT (pAKT). VEGFR2 was measured using a mouse-specific ELISA kit (Quantikine, R&D Systems Inc., Minneapolis, MN). Samples were diluted using standard diluent buffer (0.1 % sodium azide) prior to the assay. All assays were conducted according to manufacturer's instructions.
Drug quantification
At the end of the treatment regimen, three animals were sacrificed at each of a series of time points over 24 h. At the time of sacrifice, animals were weighed, anesthetized using ketamine/xylazine, and sacrificed by harvesting blood from the abdominal aortic artery into syringes containing ethylenediaminetetraacetic acid (EDTA) as an anticoagulant. Plasma was prepared from blood by centrifugation (2,000g for 15 min at 4°C) and frozen at -20°C until further analysis. Blood, lungs, muscle, brain, adipose tissue, kidneys, liver, pancreas, skin, spleen, gut, and tumor were collected. Tissue samples were prepared by homogenization in methanol/water (50:50 vol:vol). Drug concentrations in plasma and tissues were measured by liquid chromatography/tandem mass spectrometry using published methods [18, 19] . Drug concentrations for tumor were converted from ng/mL tissue extract to ng/g tissue by assuming a tissue density of 1 g/mL.
Data analysis
The area under the effect curve (AUEC) describing tumor volume progression versus time was estimated by the trapezoidal rule using WinNonlin, version 5.2.1 (Pharsight Corporation, Palo Alto, CA). Data were analyzed statistically by one-way ANOVA with post hoc Tukey tests or with the two-tail student's t test. A value of P \ 0.05 was considered significant.
Mathematical model
Pharmacokinetics
A physiologically based pharmacokinetic (PBPK) model was applied to describe the kinetics of everolimus and sorafenib in tumor and multiple tissues of mice [20] . This model was used to estimate drug concentration (C D ) in the tumor as a function of time. A diagram of the PK/PD model is shown in Fig. 1 . The plasma and tissue concentrations versus time were fitted simultaneously. The pharmacokinetic parameters were then fixed in the subsequent pharmacodynamic analysis.
Tumor pharmacodynamics
In the model, the growth of unperturbed tumor (TV) is described as
where k g is the zero-order net rate constant and TV 0 is the tumor volume when dosing started. Based on the mechanisms of sorafenib and everolimus, their inhibitory effect on tumor growth is given by
where I max is the maximum inhibition due to the drug and IC 50 is the concentration of drug (C D ) in tumor required for 50 % of maximal effect. The effect of the combination of the two drugs is given by
where W is the drug interaction term, which represents the magnitude of change in IC 50 when given in combination.
The interaction term can be added to either IC 50 value. This equation is adapted from previously described mechanistic models that evaluated indirect effects of two drugs in combination [21, 22] . The I max for both drugs was assumed to equal 1. A population analysis was performed to resolve k g , TV 0 and IC 50 . The between-subject variability (BSV) was estimated for k g , TV 0 , and W using an exponential error model. Analysis was performed by nonlinear mixed effects modeling with simultaneous fitting using NONMEM (VI level 1.1, ICON Development Solutions, Ellicott City, MD). NONMEM was compiled using Intel Visual Fortran v9.0 (Intel Corporation, Santa Clara, CA). All estimations were carried out using the first-order conditional estimation method with interaction option (FOCEI). Runs were executed using Wings for NONMEM (Version 6.11, http:// wfn.sourceforge.net).
Results
Antitumor activity of everolimus and sorafenib in patient-derived primary pancreatic cancer explants In order to investigate the antitumor efficacy of everolimus and sorafenib as single and combined agents on pancreatic cancer explants, groups of 9 mice bearing 75-200 mm 3 tumors were treated orally with everolimus at doses of 0.5 and 1 mg/kg, sorafenib at 10 and 20 mg/kg, and with a combination of both at the low or high dose of each. The dosing regimen was 5 daily doses followed by two drugfree days, repeated for 5 weeks (Supplemental Information, Table S1 ). Control animals were treated with drug-free vehicle. Tumor responses to treatment are shown in Fig. 2 .
After 5 weeks of treatment of animals bearing Tumor1 with 0.5 mg/kg everolimus and 10 mg/kg sorafenib, there was no effect of either drug, alone or in combination, upon volume progression (Fig. 2a) . The lack of efficacy could be a result of either intrinsic resistance of Tumor1 to the drugs or insufficient drug doses. Therefore, doses were escalated to 1 mg/kg everolimus and 20 mg/kg sorafenib and the efficacy was evaluated using Tumor2. After 5 weeks of treatment, the AUEC of animals treated with either drug alone was approximately 40 % smaller than of control animals (Fig. 2b) , and the difference was statistically significant (p \ 0.05). In animals treated with the two drugs combined, tumor growth was inhibited almost completely. The Tumor/ Control (T/C) ratio calculated for the mean tumor volumes at the end of treatment was 0.6 for treatment with everolimus alone, 0.5 for treatment with sorafenib alone, and 0.2 for the combination. Multiple-dose levels were evaluated with Tumor2 to investigate its sensitivity to everolimus and sorafenib. After 5 weeks of treatment, the higher dose combination of 1 mg/kg everolimus and 20 mg/kg sorafenib showed sustained control of tumor volume for Tumor2. Notably, the lower doses 0.5 mg/kg everolimus and 10 mg/ kg sorafenib, which were inefficacious on Tumor1, also were inefficacious on Tumor2 (Fig. 2c) , alone or in combination.
Based upon body weight, both drugs were well tolerated alone or in combination at the higher dose levels. For all Table 1 treatment groups, body weight was within 7-10 % of control animals, except for the high-dose combination group, in which body weight was within 12 % of controls after the third week of dosing ( Supplemental Information, Fig. S1 ). No drug lethality was observed for any treatment regimen.
Pharmacokinetics
The concentrations of everolimus and sorafenib were measured in plasma and tumor over a 24-h period following the last dose of the 5-week treatment regimen and the values are reported elsewhere [20] . In plasma, oral everolimus exhibited an absorption phase followed by a biexponential decline (not shown). The tumor concentrations of everolimus followed a trend similar to that of plasma elimination, and therefore, a perfusion-rate-limited model for tumor captured the tumor concentrations reasonably well. The model fitting yielded a partition coefficient between plasma and tumor of 0.5 for everolimus. Sorafenib plasma concentration versus time profiles exhibited a delayed absorption (not shown), which was described in the sorafenib PBPK model using a series of transit absorption compartments (Fig. 1) . The tumor concentrations of sorafenib followed a similar trend but exhibited a greater-than-proportional increase in tumor deposition at the higher dose compared to the lower dose, which may result from the action of saturable drug efflux transporters [20] . Tumor concentrations were described using a perfusion-rate-limited model. By employing different partition coefficients for the two doses, the model captured the concentration-time profiles reasonably. The model fitting yielded a sorafenib partition coefficient between plasma and tumor of 0.74 at the lower dose and 2.12 at the higher dose. The data, details of the PBPK model, its implementation, and parameter estimates are described elsewhere [20] .
Tumor growth dynamics
The pharmacodynamic model described in Eq. 1-3 was used to integrate sorafenib and everolimus pharmacokinetics quantitatively into a pharmacodynamic model of tumor response. The tumors of control animals receiving placebo grew in linear fashion (as shown in Fig. 3) , and data were captured satisfactorily by the proposed model (Eq. 1). The Hill-type inhibitory model for single drug effect (Eq. 2) reasonably described the data for both agents. The I max for both drugs was fixed to 1, reflecting the assumption that sufficiently high doses of each drug would cause 100 % inhibition of tumor growth. A non-competitive interaction model (Eq. 3) satisfactorily described the complete tumor growth inhibition observed for the twodrug combination. Representative individual predictions for animals undergoing each treatment in each study are shown in Fig. 3 . Goodness-of-fit plots (not shown) indicated that model predictions were in reasonable agreement with the observed tumor volumes. The weighted residuals did not reflect any systematic deviations.
All data were fit simultaneously to the equations and final parameters were obtained. The parameter means and inter-individual variability (IIV) for these studies are summarized in Table 1 . The mean population parameter estimate for the baseline tumor volume TV(0) was /h (IIV 87.8), the mean estimate for IC 50E was 153 ng/mL and for IC 50S was 734 ng/mL. The estimate for W (sorafenib increasing the efficacy of everolimus) was 0.321. The precision on all parameters was reasonable. An estimated value of W \ 1 signifies a synergistic interaction between the two drugs. W is an empirical term here, but it reflects a change in IC 50 when the two drugs are combined, and the value obtained suggests an increase in tumor sensitivity to the drug combination. We tested other models with and without variability in the IC 50 's and W, and also whether W affected the IC 50 of sorafenib. Similar results were obtained (data not shown). All the models indicated a synergistic interaction between the two drugs. Fittings from a model in which W affected the IC 50E (for everolimus) were indistinguishable from the model in which W affected IC 50S (for sorafenib). However, the results of in vitro drug interaction studies [22] indicated that the model hypothesizing W affecting IC 50E was more stable and therefore was used as the final model (Eq. 3). The residual proportional error for the predicted tumor volumes was 18 %, and the additive error was 12 mm 3 . The visual predictive checks (VPC) revealed that the final model predictions were in reasonable agreement with the observed tumor volumes. In the VPC ( Supplemental  Information, Fig. S2 ), measured tumor volumes were overlaid with the 90 % prediction intervals for modelpredicted tumor volumes stratified by drug treatment. The 5th percentile, median, and 95th percentile were predicted adequately with no apparent bias. The results suggest that model-simulated tumor volumes were reasonably close to the observed tumor volumes that were used for model building.
Histology
Histological analysis of tumors at the end of 5 weeks of treatment with the two-drug combination revealed a dosedependent increase in the proportion of apoptotic cells compared to placebo-treated controls (Fig. 4) . Tumors also appeared progressively less organized than control tumors with the highest dose combination.
Biomarker analysis
Tumor samples were obtained from Tumor2 at the end of the 5-week, multiple-dose study and biomarkers of drug effects were evaluated. The drug treatments are listed in Supplemental Information , Table S1 . The analysis revealed significant changes only in tumor tissue taken from animals receiving the higher, efficacious dose. In groups treated with 1 mg/kg everolimus alone or in combination with 20 mg/kg sorafenib, VEGFR2 expression was significantly lower than in placebo-treated controls or the equivalent sorafenib-alone group (Fig. 5a ). Sustained treatment with either everolimus alone or the two-drug combination resulted in lower overall tumor VEGFR2 expression.
Ratios of pERK versus total ERK were also measured in Tumor2 (Fig. 5b) . Sustained treatment with the two-drug combination administered at the higher, efficacious dose showed that the pERK/ERK ratio in tumors was elevated significantly compared to placebo-treated controls. Neither of the drugs as single agents resulted in a significant alteration of the pERK/ERK ratio. An examination of the data for pERK and ERK revealed that the elevation of the pERK/ERK ratio resulted from an overall decline in tumor in total ERK expression (not shown), perhaps reflecting the drastic changes in tumor architecture and cellularity that resulted from the sustained treatment with the highly efficacious regimen (Fig. 4) .
The ratio of pAKT to total AKT was also measured (Fig. 5c) . Compared to controls, there was no statistical difference in the pAKT/AKT ratio between sorafenib and everolimus as single agents. However, there was a significant increase in the pAKT/AKT ratio at the end of 4 weeks of combination treatment with the higher sorafenib and everolimus doses compared to controls (Fig. 5c) .
Discussion
The present work investigates the hypothesis that simultaneous inhibition of compensatory growth and survival pathways, the MAPK and PI3 k-Akt-mTOR pathways in cancer cells by molecularly targeted agents will result in synergistic inhibition of tumor growth. The combination of MAPK inhibitors with inhibitors of the PI3 k-Akt-mTOR pathway in solid tumors has been speculated as both feasible and efficacious [23] [24] [25] [26] and has been effective in human melanoma and hepatocellular carcinoma (HCC) [27] [28] [29] [30] . Our results show that the combination of the mTOR inhibitor everolimus and the multikinase inhibitor sorafenib is more efficacious than either drug alone in a patient-derived primary pancreatic cancer explant model. The lower sorafenib dose level was selected based on its reported activity against cell line-based pancreatic cancers in mice [31] . The higher sorafenib dose was selected to match the steady-state systemic exposure in humans at clinically relevant doses [32, 33] . For everolimus, the lower dose level was selected based on its activity in syngeneic murine pancreatic tumors [8] , which was greater than clinically relevant dose [34] . The higher everolimus dose was selected by doubling the lower dose. The comparison of drug exposures in mice and humans is summarized in Supplemental Information, Table S2 . At the efficacious higher doses, tumor growth suppression by the two-drug combination is supra-additive and exceeds the effect of each drug alone. However, in these patientderived pancreatic cancer explants, the doses that were efficacious were higher than those reported to exert synergy in cell line-based pancreatic tumors or in xenografts of other cancers such as hepatocellular carcinoma [5, 8, 35] . Based upon an analysis of published human exposure data (Table S2 ) and additional pharmacometric extrapolations (not shown), pharmacokinetic profiles equivalent to those demonstrating efficacy in tumor-bearing mice are unlikely to be achievable for this two-drug combination in clinical settings.
A semi-mechanistic, population-based model was developed to describe quantitatively the tumor suppressive effects of everolimus and sorafenib at two doses, alone and in combination. This represents the first semi-mechanistic model describing the pharmacodynamic interactions of these drugs. The final model assumed nonlinear inhibition of tumor growth by each drug, with the IC 50 estimated for each drug reflecting quantitatively the tumor concentrations required for half-maximal inhibition of tumor growth rate. The effect of the combination was described using a dual drug inhibition approach [21] wherein the interaction term W provides a quantitative estimate of the magnitude by which the IC 50 of one drug is altered by the other.
In the model, the effect of drug upon tumor growth kinetics links drug concentration or exposure to tumor response. The estimated tumor growth rate constant k g suggests that the tumor grows at a mean rate of 0.3 mm 3 per hour regardless of the original tumor size. The interindividual variability (IIV) of estimates for k g reflects the different rates of tumor growth in the experimental subjects, which were somewhat heterogeneous. The IIV in the starting tumor volume TV(0) reflects the moderate-to-high variability in tumor volume at the initiation of treatment. The IIV in these parameters and in the range of individual tumor responses to treatment suggest an advantage of employing patient-derived tumor explants, in that they may reflect the heterogeneous characteristics of cells growing within the complex microenvironment of the tumor.
All pharmacodynamic models employed to analyze the data obtained indicated a synergistic interaction between the two drugs. The variability of the estimated IC 50 values and W could not be determined with good precision, because only two doses of each drug were used in the studies, and therefore were not estimated in the final model.
The evaluation of biomarkers of drug response yielded interesting insights into the pharmacological and physiological responses of the tumor to sustained, 5-week dosing with efficacious doses and combinations. The elevation of tumor pAkt at the end of dosing suggests the activation of a feedback mechanism that increases the AKT survival signaling [36] ; therapies employing inhibitors of AKT activation would be postulated to abolish this feedback response and could sustain the arrest of tumor progression as the tumor adapts to this therapeutic combination. The two-drug combination also resulted in an increased ratio of pERK/ERK after protracted treatment with the combination, which further investigation revealed to represent a decrease in total tumor ERK, rather than increased activation via up-regulated pERK. Thus, efficacious treatment may select for tumor cells that are less dependent upon ERK signaling. Finally, the decrease in VEGFR2 receptors that resulted from the prolonged high-dose combination treatment appeared to result from everolimus exposure rather than sorafenib exposure. This result may appear surprising, given that sorafenib is a well-known VEGF inhibitor [5] . Similar up-regulation of VEGF has been observed previously in HCC [35] for sorafenib when combined with everolimus or other tyrosine kinase inhibitors [37, 38] and can be attributed to a feedback response to suppression of VEGF receptor signaling. Interestingly, the tumor samples used for these studies were collected at intervals over 24 h after the last dose, but biomarker responses were not strongly time dependent. This finding would argue in favor of the interpretation that the prolonged treatment regimen at efficacious dose levels resulted in tumor adaptation to therapy and the selection of tumor properties that may better resist therapy. Elimination of residual disease would presumably require follow-on therapies that exploit the adaptation and evolution of the tumor as treatment progresses.
Interestingly, in vitro studies of the combination of everolimus and sorafenib on pancreatic cancer cell lines did not show synergistic interaction between the two drugs [22] in striking contrast to the synergistic interaction observed in vivo. This finding suggests that effects of the drug combination upon non-malignant cells within the hyperplastic tumor stroma may contribute to the observed synergy.
In summary, this study investigated for potentially beneficial pharmacological interactions of combinations of everolimus and sorafenib and demonstrated synergistic inhibition of growth of pancreatic cancer xenografts by the two-drug combination. The doses of drugs required for treatment of pancreatic cancer were higher than would be expected based on previous results with other cancer models. The quantitative, systems mathematical model captured effects of drug upon tumor growth rate and captured the effects exerted by each drug, alone in combination, upon tumor growth dynamics in both control and treated animals. Quantitative assessment of promising drug combinations in low-passage, patient-derived pancreatic cancers may provide a valuable tool in developing more effective treatment regimens, which to date has been largely based upon qualitative observations of empirical data, often in tumor models that have little resemblance to the clinical disease.
